The mechanism of action of the p-nitrodiphenyl ether herbicides has remained ambiguous because of conflicting reports in the literature. The diphenyl ether herbicide oxyfluorfen causes a light induced consumption of oxygen which resembles the electron acceptor reaction of paraquat. However, this reaction is not linked to the transport of electrons through photosystem I. This conclusion is based on the observation that the rate of oxygen consumption, in the presence of oxyfluorfen, does not demonstrate a first order rate dependence on light intensity. Using the bleaching of N,N-dimethyl p-nitrosoaniline as a specific detector of singlet oxygen, we demonstrate that oxyfluorfen is a potent generator of this toxic radical. The production of singlet oxygen occurs in the presence of inhibitors of photosynthetic electron transport (oxyfluorfen at 10-4 molar and paraquat) and also under temperature conditions (3'C) which prevent electron transport. This light induced reaction results in oxygen consumption and is the primary cause of lethality for oxyfluorfen. The production of singlet oxygen occurs rapidly and at low herbicide concentrations (10-' molar). The reaction occurs without photosynthetic electron transport but does require an intact thylakoid membrane.
electron transport. This light induced reaction results in oxygen consumption and is the primary cause of lethality for oxyfluorfen. The production of singlet oxygen occurs rapidly and at low herbicide concentrations (10-' molar) . The reaction occurs without photosynthetic electron transport but does require an intact thylakoid membrane.
The widely used DPE' herbicides cause rapid chlorosis and necrosis of sensitive plant species, which is triggered by a light dependent oxidative destruction of membrane components (16) (17) (18) . The mechanism of the light activation and the role of the photosynthetic membrane remain unclear since evidence exists for and against the involvement of photosynthetic electron transport in the initiation of the oxidative process (5, 6) .
Because the symptoms of DPE injury resemble those of the dipyridinium herbicides (e.g., paraquat), the initial search for a mechanism of action focused on photosynthetic electron transport (see Refs. 1 and 6 for review). Although some involvement with the photosynthetic process has been suggested (6, 11, 29) , the mechanism of action of DPE herbicides and paraquat are clearly different. Lambert et al. (17) demonstrated, by electron spin resonance spectroscopy, that the peroxidative activity of paraquat and diphenyl ethers are caused by different mechanisms. Dipyridinium herbicides act through the generation of superoxide (02-) (4), however, scavengers of 02-, SOD (16) and copper penicillamine (8) , do not protect against the toxic effects of DPE. Other mechanisms proposed for DPEs pothesis is inconsistent with available physical-chemical data (9) . Despite the confusion, there is broad agreement that the lethal effect of DPE herbicides is the result of lipid peroxidation which leads to extensive membrane destruction (4) (5) (6) . The peroxidation of membrane lipid ultimately depends on the generation of a toxic oxygen species (4, 12, 23, 26) ; 02-, singlet oxygen ('02), peroxide (022-) or hydroxyl radical (,OH). Since the involvement of 02-in the activity of DPEs has already been eliminated an alternative species must be identified.
Two significant questions on the mechanism of action of these herbicides remain unanswered; what is the nature of the toxic oxygen species generated and through what route is the light requirement mediated? In this report we demonstrate that the DPE herbicide oxyfluorfen is a potent generator of '0,. Furthermore the generation of 102 does not require photosynthetic electron transport.
MATERIALS AND METHODS
Intact thylakoids were isolated from 10 to 14 d old pea seedlings (Pisum sativum L.) according to previously published procedures (13) , before final resuspension in buffer consisting of 25 mM tricine-NaOH (pH 7.8), 10 mm NaCl, 5 mM MgCl,, and 0.1 M sorbitol. Gramicidin (1 uM) was included as an uncoupler. Photosynthetic electron transport in these membranes was measured by an oxygen electrode (YSI Model 53, Yellow Springs, Ohio). Triton-solubilization of the thylakoid membrane into three major pigment protein complexes (light-harvesting complex-I1, PSII, and PSI), was achieved according to documented procedures (20-22). Chl determination was performed according to the method of Mackinney (19) .
Singlet oxygen was detected chemically by monitoring the bleaching (decrease in A at 440 nm) of RNO. The procedure was adapted from the published protocol of Joshi and Pathak (14) . Intact thylakoids were diluted in resuspension buffer containing 0.01 M L-histidine and approximately 300 ltM RNO Figure 1B illustrates that the PSI electron transport rate, as defined by ascorbate/DCPIP to paraquat, saturates at low levels of ascorbate. The rate of oxygen consumption is the same at 0.3 mM ascorbate (trace 1) and 10 mm ascorbate (trace 3). A similar experiment using oxyfluorfen (Fig. 1C) shows that oxygen consumption increases with ascorbate concentration (cf. trace 1 and trace 3). Since PSI electron transport saturates at low levels of ascorbate, this observation suggests oxyfluorfen dependent oxygen consumption is not linked to the flow of electrons through PSI. This conclusion does not agree with previously suggested hypotheses which link oxyfluorfen to PSI electron transport as either a primary or secondary electron acceptor (1, 11) . Further support for the hypothesis that PSI electron transport and oxyfluorfen activity are separate is given in Figure 2 . Since the rate of PSI electron transport is 1st order with respect to actinic light (10), a light saturation curve of the type seen in Figure 2 (3) , similar to that caused by paraquat and the DPEs. Cercosporin therefore, provides an alternative chemical model on which to base mechanism of action studies for oxyfluorfen. Figure 3 compares the ability of cercosporin, oxyfluorfen and paraquat to generate '02 in the presence of isolated thylakoid membranes. As expected cercosporin generates 'O independently of the amount of photosynthetic pigment, compare (closed circles) Figure 3A (300 ,ug Chl/ml) and Figure 3B (30 ,ug Chl/ ml), since the light activation is direct. Oxyfluorfen (10 M) is also a potent generator of '02 (closed triangles), but does show some dependence on the amount of photosynthetic membrane present. Singlet oxygen production by oxyfluorfen is not observed when thylakoid membranes are omitted from the reaction medium (data not shown). Paraquat shows little or no generation of 102 under either Chl concentration (closed squares), which strongly supports the earlier conclusion of Lambert et al. (17) . A significant amount of RNO bleaching i.e. 102 production, occurs in the thylakoid control experiments (open circles), particularly at the higher Chl concentration. Because the assay system used in this experiment does not contain electron acceptors, the production of 102 by the pigment bed under strong illumination is predictable (4, 24) . Under conditions where an electron acceptor is present (i.e. paraquat), little or no 102 generation from the pigment bed is observed. Since the inclusion of an electron acceptor most closely resembles the intact system, experiments where paraquat is present represent the most appropriate control.
In many mechanism of action studies the concentration of herbicide used does not accurately reflect the low levels known to cause in vivo injury. Ensminger et al. (9) values (the molar concentration causing 50% inhibition of Chlamydomonas cell growth) as low as 10-9 M for some DPE herbicides. If the generation of '02 is the primary cause of oxyfluorfen lethality, we would expect to see activity at or below 10 -9 M in this in vitro system. The data in Figure 4A shows that oxyfluorfen can produce '02 over a concentration range from 10-4 M to 10-9 M. No bleaching of RNO was observed at 10-10 M oxyfluorfen (data not shown). The same figure demonstrates the effect of paraquat addition on the ability of oxyfluorfen to generate 102 (closed symbols, Fig. 4A ). Figure 4A can in part be explained by the reduction of background '02 production within the pigment bed. The level of this background production can be estimated. Figure 4B onstrates the effect of paraquat addition on the generation of 102 by cercosporin when thylakoid membranes are present. The small difference between the open and closed symbols in this experiment reflects the production of '02 within the pigment bed, a reaction which occurs independently of the cercosporin produced 102. The production of '02 in the pigment bed, estimated from Figure 4B , does not explain the entire difference seen between the open symbols and the closed symbols observed in the oxyfluorfen experiment Figure 4A . One possible explanation for the additional effect upon the oxyfluorfen dependent production of 102 could be linked to the overall redox state of the photosynthetic membrane in the presence or absence of an electron acceptor. In the absence of an electron acceptor the thylakoid membrane will develop a higher redox (more negative) potential than when the acceptor is present, due to a build up of electrons in the plastoquinone pool (10) . Thus experiments using oxyfluorfen alone utilize a membrane system with more reducing power than a system in which paraquat is included. As seen in Figure 1C, (7) were the first investigators to report the use of RNO to investigate generation of excited oxygen species by chloroplast membranes. In their study a number of inhibitors of photosynthetic electron transport prevented the bleaching of RNO. As a result, these workers concluded that excited oxygen species were not involved in the light dependent bleaching of RNO observed in the presence of chloroplast membranes (7) . As an alternative hypothesis they proposed that the bleaching of RNO occurred directly at the reducing side of PSI. In our study we have conducted a number of experiments to investigate this possibility. In agreement with these authors (7), inhibitors of PSII electron transport (diuron and atrazine) also completely inhibited RNO bleaching by oxyfluorfen. However, atrazine and diuron also inhibited bleaching induced by cercosporin, even in the absence of thylakoid membranes (data not shown). Since cercosporin bleaching is independent of photosynthetic electron transport, the effect of atrazine and diuron does not relate to their herbicidal properties. We attribute this surprising observation to either a direct effect of these herbicides on the assay system or the ability of atrazine and diuron to quench '02. No inhibition of RNO bleaching was observed when paraquat (0.25 mM) was included with cercosporin in the absence of thylakoid membranes. More importantly the bleaching of RNO observed in the presence of either cercosporin or oxyfluorfen is inhibited by known singlet oxygen quenchers, quercetin and azide (25, 27) see Figure 5 . The degree to which quercetin and azide inhibit this bleaching is consistent with their previously reported 'O.
quenching ability (25, 27) .
Kenyon et al. (15) have recently reported that the activity of the DPE herbicide acifluorfen is independent of temperature over a range of3°C to 30°C. They conclude from this observation that metabolism is not required for the activity of acifluorfen.
The temperature dependence of '02 production by oxyfluorfen is depicted in Figure 6 , which compares the degree of RNO bleaching by cercosporin, oxyfluorfen and paraquat at 30°C (closed symbols) and 3°C (open symbols). At 30°C both cercosporin (closed circles) and oxyfluorfen (closed triangles) display a rapid rate of bleaching, which is slowed, but not abolished at 3°C. We have measured whole chain photosynthetic electron transport (water to methylviologen) at 30°C, electron transport was not detectable at the lower temperature.
The dependence of oxyfluorfen activity on the absorption of light by photosynthetic pigments is a hypothesis which can be tested simply. An absolute dependence on the intact membrane system can be demonstrated by separating the thylakoid into its major pigment-protein complexes (20-22); PSI, PSII and lightharvesting complex. When thylakoid membranes are replaced with any of the isolated complexes, no light dependent '02 production by oxyfluorfen is observed (data not shown). This final observation suggests that the activation of oxyfluorfen is dependent on the integrity of a membrane associated complex rather than a simple pigment, which is not preserved under the detergent isolation conditions. DISCUSSION Although we report in this study that oxyfluorfen does cause a light dependent oxygen consumption, the activity of DPE herbicides is distinct from a similar phenomenon caused by paraquat. The lethal effects of paraquat are associated with the production of 02-, resulting from direct chemical reduction at PSI. The production of O.-results in massive lipid peroxidation and cell death (4) . This injury can be protected by SOD (16) and copper penicillamine (9) . The lethal effects of oxyfluorfen, however, are not inhibited by these agents (6, 9) . Since 0-is not involved We are able to detect oxygen consumption under the RNO assay conditions (data not shown) which supports our hypothesis. The oxygen consumed under these conditions, however, can arise directly from '0. or indirectly through oxidative events initiated by 'O. (4, 12, 24) . Although '02 quenchers will prevent the bleaching of RNO at 440 nm (Fig. 5 ) these molecules do not prevent oxygen consumption since the quenching mechanism itself consumes 02 (25) . The RNO assay system used in this study eliminates the possibility of OH as the toxic species. Although the RNO is sensitive to OH we only observe bleaching in the presence of an imidazole derivative (histidine of RNO by OH occurs in the absence of histidine (7). The conclusion is in contrast to the results of Upham and Matzios (28) who observed production of -OH in the presence of oxyfluorfen. The reported production of OH only occurred under conditions where photosynthesis was active. It is possible that the production of OH occurred as a secondary effect of 10, production and lipid peroxidation (12, 24) .
As a consequence of these studies, we feel confident in proposing a mechanism to explain the lethal effects of oxyfluorfen which may be applicable to other DPE herbicides. The generation of 102 by oxyfluorfen occurs through the interaction of the herbicide with an in situ pigment complex in the thylakoid membrane. This complex is not preserved during triton solubilization of thylakoid membranes. At this stage of our investigation it is not possible to describe the nature of this in situ pigment complex and it may exist in systems other than the thylakoid. All the data presented in this study are consistent with the light dependent nature of this reaction. In addition, the results presented in Figures 1 and 4 suggest the ability of the in situ oxyfluorfen-pigment complex to generate 10 might depend on the redox potential of the membrane, at least in the immediate environment of the complex. Addition of ascorbate (Fig. IC) and omission of paraquat (Fig. 4A ) both serve to increase the redox potential of the membrane and also stimulate 10, production. This association with redox state does not imply a requirement for active metabolism (Fig. 6 ) but does suggest active metabolism (photosynthesis) might enhance production of 10, by the in situ oxyfluorfen-pigment complex (1) . Active photosynthesis will reduce the plastoquinone pool and elevate the redox potential of the membrane. It is this relationship between the production of 10, and the redox potential of the cell which has confused mechanism of action studies with DPE herbicides in general and oxyfluorfen in particular (6) .
Singlet oxygen is known to poise a toxic threat to immediate biological systems because of its role in lipid peroxidation (12, 23, 26) . It is proposed to be a direct initiator of lipid peroxidation by a concerted addition-abstraction reaction with the diene bonds of unsaturated lipids, giving rise to lipid hydroperoxides (12, 23, 26) . The inevitable consequences of this peroxidation are memPlant Physiol. Vol. 86. 1988 brane destruction and cell death, a pattern of injury which is entirely consistent with the effects of the DPE herbicides (6) .
